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Abstract
The current study focuses on comprehensive fuel spray modeling and its effects on chamber acoustics in com-
bustion dynamics simulations. The fuel spray is modeled using an Eulerian-Lagrangian approach describing
the atomizer internal flow, primary atomization, and secondary atomization processes. To anchor the fuel
spray model, a series of experiments has been conducted on the fuel atomizer with and without co-flowing air.
Spray cone angle, drop-size and velocity distributions were obtained using a high speed camera and Phase
Doppler Anemometry (PDA). The fuel spray model results show reasonable agreement with the measured
spray cone angles. The computed drop size and velocity distribution however indicate some discrepancies
compared with the experimental results suggesting model limitations in describing secondary atomization.
In addition, effects of fuel spray modeling on chamber acoustics are studied using combustion dynamics sim-
ulations. Three fuel spray models—specified drop size distribution, single droplet injection and hollow-cone
injection—have been used. Among the three models, the hollow cone injected fuel spray shows good quali-
tative comparison of chamber acoustics with the experimental results. The pressure fluctuation amplitudes
from the simulation, however, underestimate the measured amplitudes. Insufficient description of secondary
atomization in the spray model appears to be a critical factor that leads to the observed discrepancies in the
fuel spray and combustion dynamics simulations.
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Introduction

Lean Direct Injection (LDI) is a promising de-
sign concept for low-emission gas turbine combus-
tors. In this concept, the liquid fuel is directly in-
jected into the flame zone, and is quickly atomized,
mixed, vaporized and reacted with the air within the
shortest length and time-scales possible. The LDI-
fed combustor is operated under fuel-lean conditions
to reduce the overall flame temperatures and conse-
quently to minimize thermal NOx formation. Also,
this design inherently precludes the chance of auto-
ignition and flashback, which frequently appear in
advanced high pressure ratio engines.

The characteristics of the fuel spray is a key fac-
tor in LDI engine performance and stability. In the
absence of pre-vaporized fuel and premixing with the
incoming air, good atomization of the fuel and rapid
and uniform mixing with the air are essential for low
dry NOx emissions and efficient combustion. Lo-
cal high flame temperatures leading to undesirable
NOx formation can result if the fuel spray is not
uniformly distributed. Furthermore, the heat addi-
tion into the combustor is directly associated with
the fuel spray pattern. If the unsteady heat release
induced by fuel spray is in phase with the chamber
acoustics, combustion instabilities may arise result-
ing in potential structural damage of the combustor
components and large amounts of NOx emissions.
In fact, the LDI design can be more susceptible to
thermoacoustic instabilities. Since the LDI engine
is operated at fuel-lean conditions, the chemical ki-
netics and flame surface are more sensitive to dis-
turbances. Consequently, the unsteady heat release
can oscillate and lean blowout can occur if there is a
significant level of local equivalence ratio fluctuation
due to non-uniform mixing or acoustic disturbances.

The emission and flow characteristics of the LDI
combustor has been characterized experimentally by
several research groups. Tacina et al. (1990) [1]
reported NOx emissions from LDI-fed gas turbine
combustors and reported results similar to lean-
premixed gas turbine combustors. They also char-
acterized the fuel-air mixing in LDI combustors and
compared it to relevant pre-atomized spray results.
Fu et al. [2] characterized non-reacting spray be-
havior in LDI configurations using PDA, LDV and
3-D PIV using multiple swirler configurations and
fuel injector locations at atmospheric pressure con-
ditions. Both single-element and multiple-element
LDI configurations were tested and drop-size and
velocities in the spray were measured. A strong re-
lationship was observed between the spray behav-
ior and the swirl number, Reynolds’ number and
injector location in the LDI element. Besides the

multi-phase flow characteristics, several experimen-
tal studies have also considered combustion instabil-
ities in LDI-based combustors. Santavicca et al. [3]
reported self-excited longitudinal mode combustion
dynamics in an optically accessible LDI combustor.
Half-wave and full-wave longitudinal mode combus-
tion instabilities were seen to be excited in the com-
bustor at pressure amplitudes of 5-7% of the mean
chamber pressure. Most of the heat release from
the combustion was found to be in a narrow region
downstream of the fuel injector on account of a sta-
ble and compact precessing vortex core. Recent ex-
periments conducted by the Purdue group have also
reported longitudinal mode combustion instabilities
up to 5% of the mean chamber pressure using mul-
tiple combustor configurations and equivalence ra-
tios [4]. A brief description of the Purdue combustor
and experiments is provided in a later section of this
paper.

A pressure-swirl atomizer has been used in the
current work. Extensive experimental and compu-
tational literature exists that has characterized the
internal and external flow through various pressure-
swirl atomizer configurations. Jeng et al. [5] stud-
ied the liquid sheet emanating from a simplex
pressure-swirl atomizer using both computations
and experiments and found good agreement between
them. An arbitrary Lagrangian-Eulerian numerical
method was employed for the computations. Ex-
perimental validation was performed using an opti-
cally accessible injector and flow visualization was
done using a CCD camera. Cousin et al. [6] mea-
sured drop-sizes in a pressure swirl atomizer using
a Malvern particle-sizer and compared it to results
using a theoretical formulation based on the maxi-
mization of entropy and reported good agreement.

Computational studies of LDI combustor flows
have been conducted by several groups using La-
grangian fuel spray modeling injected from a
pressure-swirl atomizer. These studies have focused
primarily on the flow characteristics of spray com-
bustion. Patel and Menon’s study [7] employed large
eddy simulations (LES) with an atomizing spray de-
scribed by Reitz’s Kelvin-Helmholtz (KH) breakup
model [8, 9] using single drop injection. The LES
results showed the flow characteristics for atomizing
and non-atomizing fuel sprays as well as the pres-
ence of precessing vortex core instabilities near the
LDI element. Consequently, they concluded that
the unsteady flow structures and atomization play
a significant role in distributing the fuel spray uni-
formly and widely. Dewanji et al. [10] used the KH
breakup model for their multipoint LDI combus-
tor simulations. In their work, injected drops were
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atomized as soon as the drop was exposed to the
swirling flow and the Sauter Mean Diameter (SMD)
of the resulting broken drops near the LDI element
ranged from 18 to 22 micron. El-Asrag et al. [11]
analyzed combustor flows using a flamelet/progress
variable approach with Stanford CDP code and re-
ported that the recirculation bubble structure in the
combustor head can be altered by the heat release.
Furthermore, Senoner et al. [12] compared computa-
tional results from the Stanford CDP and the CER-
FACS AVBP codes. They specified the fuel injection
conditions from empirical relations and no atom-
ization process was modeled. Their results showed
that both the Eulerian-Lagrangian approach and the
Eulerian-Eulerian approach can provide reasonable
predictions of the measured axial velocity profiles.

The present study aims to investigate the effects
of fuel spray on the chamber acoustics in a LDI gas
turbine combustor. First, the fuel spray is mod-
eled by a comprehensive approach that accounts for
the atomizer internal flow, primary and secondary
atomization. Next, experimental measurements are
conducted to characterize the fuel spray and to val-
idate and guide the development of the computa-
tional fuel spray model. For this purpose, a series of
non-reacting and atomizing sprays, with and with-
out co-flowing air, are studied experimentally and
computationally. Finally, computations and exper-
iments of reacting sprays are used to characterize
thermoacoustic instabilities in the LDI gas turbine
combustor.

Fuel Spray Modeling

The fuel spray model in the present study aims
to describe the key physical processes during the
spray breakup as shown in Fig. 1. The spray breakup
process can be simplified into three major mech-
anisms: atomizer internal flow, primary and sec-
ondary atomization. In the current study, the at-
omizer internal flow is computed independently by
an Eulerian Volume-Of-Fluid (VOF) method and its
results are utilized to describe the Lagrangian spray
drop injection. Specifically, the exit flow information
from the atomizer flow analysis serves as the initial
condition for the spray injection using the hollow-
cone injection model. Here, the spray drop size is
determined by the liquid film thickness at the orifice
exit which is based on the assumption that the liquid
film disintegrates into spherical drops. These bro-
ken drops can further undergo secondary atomiza-
tion due to strong inertial and aerodynamic forces.
The drop vaporization takes place during the en-
tire process and atomization can contribute to faster
vaporization because of the increased total wetted

Gas core 

Liquid 
Free surface 

Primary Atomization 

Secondary Atomization 

Figure 1. Lagrangian phase events during the spray
breakup process

area.
The spray computations reported here except

for the atomizer internal flow are carried out with
our in-house research code GEMS (General Equa-
tion and Mesh Solver) [13]. GEMS solves the
Eulerian-phase governing equations using a dual-
time implicit scheme that is second-order accurate
in time and space. Governing equations for the
Eulerian phase consist of the continuity, momen-
tum, energy, turbulence and species conservation
equations. Turbulence motions are described by
a hybrid RANS/LES method using a length scale
modification based on Wilcox’s k − ω two-equation
model. [14, 15, 16]. The Lagrangian phase equa-
tions are coupled with the Eulerian phase through
a source vector. Vaporization is described by the
classical D2-law and, for the chemistry, Westbrook’s
simplified 2-step global reaction for kerosene/air is
assumed [17]. Further details are given in Ref. [4].
The rest of this section describes the Lagrangian
modeling of the spray breakup process.

Atomizer Internal Flow Model

Separate computations of the atomizer internal
flow are used to provide the spray injection condi-
tions for the fuel spray. The atomizer geometry used
in the present study is shown in Fig. 2. Evidently,
it is too complicated to describe with an analytical
model. For this reason, Ibrahim and Jog’s numeri-
cal model [18] is employed here. This model is based
on a 2D axisymmetric approximation of the geome-
try, for which the liquid film thickness, spray angle
and discharge coefficient have been reported to be
within 3 % error compared with experimental mea-
surements. The two-phase flow in the atomizer is
described by the Eulerian VOF method using FLU-
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Figure 2. Design of the atomizater

ENT. Reynolds Stress Model (RSM) is used for tur-
bulence closure of the strongly swirling flow in the
atomizer. Boundary conditions are indicated along
with the computational grid in Fig. 3.

The swirling slots in the atomizer are located at
a downstream location in the vortex chamber just
before the converging section, unlike in a conven-
tional simplex atomizer in which the swirling ports
are located at the vortex chamber head. Due to
the axisymmetric approximation, the incoming ra-
dial and swirl velocity components are written as:

Figure 3. Computational grid and boundary con-
ditions for atomizer internal flow analysis

Injection Plane Origin 

Figure 4. Schematic of hollow cone injection model

Vr =
ṁ

2πDcLs
(1)

Vθ =

√(
ṁ

ρNAs

)2

− Vr2 (2)

where As and N are the slot area and the number
of slots respectively. In the LDI experiments, the
equivalence ratio is controlled by varying the fuel
mass flow rate and fixing the air flow rate. For this
reason, the radial and swirl components of velocities
used for the model inputs can be expressed in term
of the equivalence ratio.

Hollow Cone Injection Method

Major parameters taken from the atomizer anal-
ysis are the liquid film thickness, velocity vector and
spray angle at the atomizer exit plane. Spray drop
size at the injection location is approximated by the
liquid film thickness and the spray drop is injected
using the given velocity components.

The spray produced by pressure swirl atomizer
is assumed to be a hollow cone as shown in Fig. 4.
The spray cone is defined by the ray origin and an-
nular injection plane. The annulus here is defined by
the center of the plane, and inner and outer radius.
The spray drops are randomly generated within the
given injection plane and its velocity vector is deter-
mined by the orientation angle from the origin and
angular velocity component. The location where the
liquid film is disintegrated (see Fig. 4) is employed
for the injection plane.

Secondary Atomization Model

Secondary atomization is modeled by Reitz’s
breakup model. [8, 9] According to Patel and
Menon’s study, this model exhibits better accuracy
than other existing models in LDI combustor envi-
ronments. The atomization process in Reitz’s model
is simulated based on Kelvin-Helmholtz instability
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and results of the linear stability analysis are di-
rectly used for determining the important atomiza-
tion parameters. For easier use of the linear stabil-
ity results, the maximum growth rate, Ω, and cor-
responding wavelength, λ, of the Kelvin-Helmholtz
instability mode are expressed by curve-fits in terms
of nondimensional numbers as follows:

Ω

[
ρla

3

σ

]0.5
=

(
0.34 + 0.38Weg

2
)

(1 + Oh) (1 + 1.4Ta0.6)
(3)

Λ

a
= 9.02

(
1 + 0.45Oh0.5

) (
1 + 0.4Ta0.7

)
(1 + 0.87Weg1.67)

0.6 (4)

where Weg is the Weber number for the gas phase,

Weg = ρ|U−V|2d
σ , Oh is the Ohnesorge number,

Oh = ν1
√

ρl
σa and Ta is the Taylor parameter,

Ta = Oh
√

Weg. The liquid breakup is modeled by
adding new child parcels and their size is determined
by

r =


B0Λ (B0Λ ≤ a)

min

[ (
3πa2 |U−V| /2Ω

)0.33(
3a2Λ/4

)0.33 (B0Λ > a)

(5)
where B0 is a model constant and set equal to 0.61.
Simultaneously, the parent drop size is reduced by

da

dt
= − (a− r)

τ
(6)

where τ is a time constant and determined from

τ = 3.726B1a/ΛΩ (7)

where the model coefficient, B1 is recommended to
be 10 by Reitz [8] and 2 by Patel and Menon. [7]
Child parcels are released when the stripped mass re-
moved from the parent parcel exceeds a few percent
of the average injected parcel mass. Newly formed
parcels have a random velocity direction within a
confined cone angle defined by

tan (θ/2) = A1ΛΩ/U (8)

where A1 = 0.188. In addition, while the parent
parcel reduces, its mass is preserved by controlling
the drop numbers contained within a parcel, i.e.,
Na3 = N0a

3
0.

Experimental Setup for Spray Characteriza-
tion

A pressure swirl atomizer (FN = 1.32) obtained
from Woodward (Fig. 2) has been used for the spray
characterization tests. Phase Doppler Anemometry
(PDA) and high speed videos are used to charac-
terize drop sizes, velocities, and spray cone angle.

Figure 5. Schematic diagram of PDA test arrange-
ment

For the spray, the fuel flow rate is maintained at the
same values as the spray combustion experiments for
equivalence ratios of 0.4, 0.5, and 0.6. The spray
tests are performed at atmospheric pressure with
and without a co-flow of air around the fuel injector.
The fuel flow rate is measured across a cavitating
venturi (0.025” throat diameter) and verified based
on the pressure differential across the injector. For
experiments with co-flow of air, the air flow rate is
regulated to maintain a ∆P/P of 4% across the in-
jector which is similar to the values measured in the
spray combustion experiments. The co-flowing air
passes through a swirler and subsonic venturi. The
swirler has six helical axial vanes with a lead angle of
60◦ yielding a swirl number of approximately 0.8. A
schematic diagram of the test arrangement is shown
in Fig. 5.

Drop sizes and velocities are recorded with a
PDA. The PDA determines the velocity of individ-
ual particles based on the frequency shift of light
which is reflected or refracted by a moving particle.
Drop size is estimated by comparing the phase shift
between two detectors at known locations. For the
results reported here, a Dantec Dynamics Dual-PDA
system was utilized. This system uses an argon-
ion laser, beam splitter (514.5 and 488.0 nm wave-
lengths), and transmitter (400 mm focal length) to
create orthogonal measurement volumes for simul-
taneous recording of two velocity components. The
receiver (310 mm focal length) was placed at a scat-
tering angle of 45 degrees, resulting in a theoreti-
cal maximum detectable drop diameter of 126 µm,
as reported by the PDA software (BSA Flow Soft-
ware version 4.00.00.42). To capture the local statis-
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Figure 7. Schematic diagram of the fuel-injector-
swirler-venturi configuration

tics, 20,000 individual drops were recorded at each
measurement location. Data rates (20-4300 Hz) and
spherical validation values (90 - 100 %) varied de-
pending upon the operating conditions and measure-
ment locations.

High speed visible imaging is used to visual-
ize the spray. A high-speed visible camera (Vision
Research Phantom v7) with a 105 mm lens was
mounted perpendicular to the spray axis, and a 150
W light source and diffuser plate were positioned be-
hind the spray to provide backlighting. The spatial
resolution of the visible intensity measurements was
167 µm for each pixel at the center of the spray. The
visible camera integration time (20 µs) and aperture
size (f/22) were selected to optimize the camera sen-
sitivity.

For the spray measurements, the uncertainty
in measurement location in the spray was approx-
imately ± 1 mm for both axial and radial traverses.
The fuel flow rate was measured across a choked ven-
turi of known co-efficient of discharge. The uncer-
tainty in measurement in the flow rate of fuel was at
most 3%. The flow rate of air was set based on pres-
sure drop across the pressure swirl atomizer. This
measurement was made using a differential pressure
gauge with an uncertainty of 0.12 psid.

Model Combustor and Experimental Setup

A single element Lean Direct Injection (LDI)
combustor developed to characterize combustion dy-
namics in a multiphase combustion environment at
high pressure (∼1 MPa) has been used in this study.
The combustor operates with Jet-A as the fuel and
heated air (up to 800 K) air as the oxidizer. The
combustor is designed in a modular configuration so
that various lengths of the air plenum section and
combustion chamber section can be utilized to tune
the combustor dynamics to different pressure fluctu-
ation amplitudes and frequencies. Figure 6 shows a
schematic diagram of the combustor.

In the combustor, heated air passes through a

Figure 8. Instantaneous phase contour of atomizer
internal flow

helical vane swirler (60◦ vane angle) before being
accelerated into the combustion chamber via a sub-
sonic converging diverging venturi. The swirler has
six helical vanes and is fixed to the fuel injector as
shown in Fig. 7. The fuel is injected into the combus-
tor using a pressure swirl atomizer. The inlet section
of the combustion chamber has a thermal barrier
coating applied to it to avoid heat loss through the
walls and provide a near adiabatic boundary condi-
tion. This allows for better comparison with com-
putational results where an adiabatic wall boundary
condition is employed. The combustion chamber has
a choked exit orifice that sets the chamber pressure
in the combustor. Choked inlet and exit orifices on
the combustor help set a closed acoustic boundary
condition. Major operation parameters and design
envelop are summarized in Table 1.

Comprehensive fuel spray modeling and mea-
surements

The fuel spray model begins with the atomizer
internal flow analysis as indicated in Fig. 8. This
analysis is based on an Eulerian VOF method and
is conducted independent of the Lagrangian spray
simulations. The liquid fuel is supplied into the at-
omizer through two inlet ports located in the down-
stream section of the vortex chamber. A gas core is
observed to exist in the center of the chamber due
to the centrifugal force of the liquid fuel. About one
diameter away from the orifice exit, the liquid sheets
are dynamically disintegrated into droplets.

Liquid sheet data at the orifice exit plane is in-
vestigated to define the spray injection in the La-
grangian simulation. The sheet thickness, spray an-
gle and velocity are used to describe the initial drop
size, drop injection angle and speed respectively.
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Figure 6. Schematic diagram of the experimental arrangement of the LDI combustor

Table 1. Summary of design envelope and nominal operation parameters
Fuel - Jet-A/JP8
Oxidizer - Air
Inlet Air Temperature (K) 750 (nominal)
Equivalence Ratio - 0.6 (nominal)
Frequency (Hz) 400
Inlet Boundary Condition - Constant mass inflow
Exit Boundary Condition - Choked nozzle
Diameter of combustor (mm) 50.8
Diameter of air plenum section (mm) 25.4
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Figure 9. Snapshot from the fuel spray simulation
(left) and high speed camera image (right) for the
spray without co-flowing air

ṁf (g/s) Φ θ (◦)
2.27 0.4 70
2.84 0.5 69
3.41 0.6 68

Table 3. Measured Spray Angles

These variables are investigated in terms of fuel mass
flow rates within the operating range (Φ = 0.4, 0.5
and 0.6). Results are summarized in Table 2.

Spray without co-flowing air

The fuel spray injected by the pressure swirl at-
omizer in the LDI element is modeled for the con-
dition without co-flowing air at atmospheric pres-
sure. Hollow cone injection of the spray is assumed
for the injection conditions obtained from Table 2.
For example, for an equivalence ratio of 0.6 (ṁf =
3.41 g/s), an initial drop size of 78 µm is assumed
and the drops are randomly distributed in the az-
imuthal direction. These initial spray drops are in-
jected from the nozzle tip at 52.4 m/s with a 32
degree inclined angle measured from the nozzle axis.
A snapshot from the simulation and the high speed
camera image taken from the experiment are shown
in Fig. 9. The measured spray cone angles are in-
vestigated with respect to the flow conditions in Ta-
ble 3. The computational results of the spray cone
angles show good agreement (within 6 %) with the
experimental results based on image data.

Drop size distribution and axial velocity pro-
files based on the PDA measurements are presented
in Figs. 10 and 11 respectively. The measurements
have been conducted at multiple radial locations in
the spray at three axial planes. The z-direction in
the figures is the axial direction of the spray with the
origin being located at the exit tip of the atomizer.
The drop-sizes characterized by the Sauter mean di-
ameter (SMD or D32) lie between 20-50 µm. The
maximum drop size is observed in the center at the
maximum axial distance, Z = 44.45 mm, and can
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Figure 10. SMD results for the spray without co-
flowing air
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Figure 11. Axial velocity profiles for the spray
without co-flowing air

be attributed to droplet coalescence. We note that
the predicted drop sizes are larger than the mea-
sured drop sizes. The initial drop size estimated by
Ibrahim and Jog’s model is 77 µm. It may be antic-
ipated that, if this predicted size is correct, then the
drops would need to be atomized by the secondary
breakup process. However, the secondary atomiza-
tion process in the present simulation does not seem
to be appropriately described by the K-H instability
model and no secondary atomization is predicted.
As shown in Fig. 11, axial velocities are observed to
be higher as the spray travels further downstream
implying acceleration of the drops in the spray. This
acceleration may be associated with a complicated
atomization process that is not predicted by the KH
model.
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Table 2. Orifice exit flow conditions
ṁf (g/s) Φ Vr (m/s) Vθ (m/s) t (µm) θ (deg) |V| (m/s)

2.27 0.4 1.94 30.46 77 66 37.1
2.84 0.5 2.43 38.07 77 65 44.2
3.41 0.6 2.91 45.69 78 64 52.4

Figure 12. Snapshot from the fuel spray simulation
(left) and high speed camera image (right) for the
spray with co-flowing air
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Figure 13. SMD results for the spray with co-
flowing air

Spray with co-flowing air

The fuel spray modeling and experiments are
next shown for the condition with co-flowing air.
In the simulation, the spray cone is spirally dis-
torted and spins along the injector axis on account of
strong interaction with the co-flowing air as shown
in Fig. 12. This dynamic motion is also observed
in the experiment. The high speed camera image is
taken right after the venturi end and visualizes the
spinning spray cone. The fuel injector tip is located
approximately 15 mm upstream of the venturi exit.

Drop size distribution and axial velocity profiles
for the spray with co-flowing air are presented in
Figs. 13 and 14. It is important to note that the
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Figure 14. Axial velocity profiles for the spray with
co-flowing air

axial slices at which measurements were made are
different than the case with no co-flowing air. This
is on account of not being able to access the region
covered by the venturi. The overall level of drop
size for the spray with co-flowing air is between 30-
40 µm. The drop-sizes for axial locations 44.75 mm
and 57.15 mm are of the same order. The drop-size
immediately downstream of the nozzle is smallest
(∼20 µm). The axial velocity of the co-flowing air
may contribute to reducing the relative velocity be-
tween spray drops and gas so that the larger drops
are produced particularly away from the center. As
indicated, larger axial velocities are observed at the
near-nozzle plane, Z = 31.75 mm, in Fig. 14. It is
also noteworthy to observe the backflow in the mid-
dle at Z = 44.75 and 57.15 mm. The swirl number of
the jet in this experimental set-up is approximately
0.8. For such high swirl numbers, a central toroidal
recirculation zone (CTRZ) is commonly observed on
account of adverse axial pressure gradients exceed-
ing the inertial forces of droplets and leading to flow
reversal [2]. Finally, we also note that the computed
results in Fig. 14 show axial velocities in the range
of 10-30 m/s.
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Effect of the fuel spray modeling on the cham-
ber acoustics

The chamber acoustics driven by combustion are
studied in a series of combustion dynamics simula-
tions with fuel spray modeling. The three distinct
fuel spray modeling methods indicated in Table 4 are
used. In Case 1, the spray drops are injected using
a log-normal size distribution satisfying a given fuel
flow rate. No secondary atomization process is de-
scribed in this case. Case 2 assumes large single drop
injection with the drop size being the same as the
order of orifice diameter (= 300 µm). For this drop
size, secondary atomization occurs as soon as the
drop is injected into the chamber. Case 3 is the fuel
spray modeling method used for the non-reacting
spray simulations with and without co-flowing air.
It is the most realistic spray model for the pressure
swirl atomizer. This fuel spray model uses the ini-
tial drop size and injection velocity obtained from
the Eulerian VOF calculation as described earlier.

The spray formation and corresponding heat re-
lease pattern are visualized in Fig. 15 for the three
cases. In all cases, the fuel sprays are almost entirely
consumed prior to the combustor head region itself.
In particular, Cases 1 and 2 indicate complete fuel
consumption before drops reach the combustor head.
In Case 3, the spray cone penetrates one chamber
radius downstream and shows a spiral surface wave
that is driven by the swirling air. The larger momen-
tum of drops in Case 3 seems to lead to the longer
spray penetration. We note that this case also cor-
responds to the situation where the KH model does
not predict secondary atomization which may fur-
ther explain why the drops last longer. In addition
to the spray penetration, the spray pattern can also
be characterized distinctly for the three cases. Case
1 exhibits more-or-less regularly distributed drops
within a solid cone. The vaporization process oc-
curs over the entire spray cone including the cone
axis. Case 2 shows strong secondary atomization
process in the venturi diverging section. The rim of
the spray cone is the location where the secondary
atomization and the resulting vaporization seems to
occurs. In Case 3, few spray drops are located along
the cone axis due to the hollow cone injection. The
fuel spray is spirally supplied into the chamber and
the vaporization occurs at the end of spray cone.

The heat release is distributed corresponding
to the spray cone formation and drop distribution.
Strong reaction and heat release occur in the ven-
turi diverging section for all cases, but the heat re-
lease pattern in the combustor beyond the venturi
depends upon the fuel spray model. In Case 1, the
reactions take place strongly even in the central zone

of the combustor head. Case 2 shows strong heat
release along the rim of the spray cone and it con-
tinues near the combustor wall. Case 3 has a more
stretched flame zone than Case 2 and the strong heat
release seems to follow the pattern of flow separation
at the walls.

Peak-to-peak pressure amplitudes of the com-
bustor wall pressure are investigated for the three
simulation cases and are summarized in Table 5
along with the measured experimental result. The
table also shows the dominant acoustic mode in each
case. The experiment indicates an amplitude that is
5% of the mean pressure which seems to be within
the range that other researchers have reported [3].
The computed pressure amplitudes, on the other
hand, are a strong function of the fuel spray model.
The log normal drop injection method (Case 1) gives
the largest pressure amplitude (11%), the single drop
injection method (Case 2) produces a similar level of
pressure amplitude (7%) as the experiment, and the
hollow cone injection method (Case 3) indicates a
much lower pressure amplitude (0.24%). It is note-
worthy that Case 3 predicts the correct instability
mode compared with the experiment (4L).

The power spectrum density (PSD) analysis of
the wall pressure provides the dominant acoustic
modes in each case as shown in Fig. 16. The PSD
based on the experimental results indicates the 4L
mode as the dominant frequency (1425 Hz). We note
that this frequency is lower than the designed 4L
frequency of 1600 Hz because the combustor dimen-
sions were determined based on adiabatic and com-
plete combustion. As noted earlier, the dominant
acoustic modes are observed to be different for each
case. The log normal drop injection case (Case 1)
predicts a dominant 1L frequency. The single drop
injection case (Case 2) predicts a dominant 2L fre-
quency. The hollow-cone case (Case 3) predicts the
4L mode which is in agreement with the experimen-
tal mode.

Furthermore, it is noteworthy that the broad-
frequency-range PSD in Case 3 is also qualitatively
similar to that of the experimental result as seen in
Fig. 17, although the peak strengths are very dif-
ferent. In addition to the 4L mode at 1425 Hz, the
other distinct frequencies observed are 3000, 6000
and 9500 Hz. Hydrodynamic instability (or the so-
called precessing vortex core instability) drives the
3000 and 6000 Hz modes and the tangential acoustic
mode is observed at 9500 Hz.
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Label Injection Method D µm |V| (m/s) Secondary
Atomization

Case 1 Log Normal Distributed 1-100 30.0 X
Drop Injection

Case 2 Single Drop Injection 200 30.0 O
Case 3 Hollow Cone Injection 78 52.4 O

Table 4. Summary of fuel spray modeling in combustion dynamics simulations

(a) Case 1: Log-normal distributed drop injection

(b) Case 2: Single drop injection

(c) Case 3: Hollow cone injection

Figure 15. Instantaneous heat release contours in terms of fuel spray modeling

Discussion

Experimental Uncertainty Factors

The spray from the pressure swirl atomizer was
characterized using PDA and high speed videos. All
the measurements were performed at atmospheric
pressure and temperature in an unconfined flow.
Measurements with an optically accessible polycar-
bonate cylindrical section with dimensions similar to
the combustor were attempted. Good quality data
could not be obtained in these measurements on ac-
count of fuel film formation on the surface of poly-
carbonate section, even with a co-flow of air. The
PDA measurements yielded drop-sizes between 20
to 50m depending on location in the spray and fuel
flow rate. The drop-sizes are also dependent on the
co-flow of air around the fuel injector. The effect

of CTRZ is evident in the drop-sizes and the axial
velocities measured in the spray, especially beyond a
distance of approximately 44 mm from the atomizer
exit. For the case with a co-flow of air measurements
were only possible at locations 44 mm and further
downstream of the atomizer on account of the pres-
ence of the subsonic venturi which impeded optical
access. The high speed videos of the spray were used
only for the determination of the spray cone angle
and for a qualitative comparison of the overall spray
behavior with computational data. Further studies
would include optical patternation measurements to
calculate mass flux density of the spray along mul-
tiple axial slices.

For the spray measurements, the uncertainty
in measurement location in the spray was approx-
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Cases Peak-to-Peak Pressure Dominant
Oscillation Amplitude (%) Acoustic Mode

Experiment 5 4L
Case 1: Log Normal 11 1L
Distributed Drop Injection
Case 2: Single Drop Injection 7 2L
Case 3: Hollow cone injection 0.24 4L

Table 5. Summary of pressure oscillations in a longitudinal mode
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Figure 16. PSD results from the experiments and simulations

imately ±1 mm for both axial and radial traverses.
The fuel flow rate was measured across a choked ven-
turi of known co-efficient of discharge. The uncer-
tainty in measurement in the flow rate of fuel was at
most 3%. The flow rate of air was set based on pres-
sure drop across the pressure swirl atomizer. This
measurement was made using a differential pressure
gauge with an uncertainty of 0.12 psid.

Limitations of KH Breakup Model

Non-reacting spray simulations with and with-
out co-flowing air indicated limitations in the pre-
diction of drop size distributions. This may be at-
tributed to the insufficient representation of the sec-
ondary atomization in the Kelvin-Helmholtz insta-
bility model. This model is based on the linear sta-
bility analysis subject to the velocity difference be-
tween liquid and gas. In this respect, the Weber

number is a key factor for the KH breakup. Weber
numbers over the spray cone were lower than the
critical Weber number (Wec = 12) for KH breakup
because of the fine drop size resulting from the pri-
mary atomization model. The small drop sizes of
about 70 µm results in a weak aerodynamic force,
which is not enough to drive KH breakup.These re-
sults indicate that an alternate breakup model could
be used to describe the secondary atomization for
drop sizes less than 100 µm. The Rayleigh-Taylor
(RT) breakup model which is driven by droplet ac-
celeration would be an ideal candidate for this, par-
ticularly given the low Weber numbers. Future work
will consider augmenting the secondary atomization
process with the RT model.
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Figure 17. Broad range PSD results

Impacts of the fuel spray modeling on self-excited
combustion instabilities

According to the combustion dynamic simula-
tion results, the chamber acoustics are strongly in-
fluenced by the fuel spray modeling. It can be ana-
lyzed in terms of the frequency and amplitude char-
acteristics. First, only the simulation using the hol-
low cone injection indicated the 4L mode dominant
acoustic frequency corresponding to the experimen-
tal result. In this case, stronger drop momentum
and fine drop sizes are observed, resulting from the
atomizer internal flow analysis. Moreover, as noted
earlier, the KH model does not predict secondary
atomization for the fine drop sizes. As a result, the
fuel spray cone penetrates deeply into the combus-
tion chamber, and the flame is distributed along the
combustor wall. Such a fuel spray and heat release
pattern may be responsible for triggering the higher
acoustic mode since this has a pressure anti-node
that is located close to the downstream heat release
location.

The pressure amplitude from the simulation us-
ing hollow cone injection is the most underestimated
result among all cases. This can be accounted for
by the insufficient description of the secondary at-
omization process. The small acoustic perturbation
seen here is driven by the relatively weak strength
of highly distributed heat release pattern. We note
that the secondary atomization typically enhances
the vaporization rate by increasing the surface area
of the drops. Hence, the absence of significant sec-
ondary atomization seems to result in low vaporiza-
tion rates which in turn lead to a distributed and
weak heat release and, consequently, to low pres-
sure amplitudes. As observed earlier, better sec-
ondary atomization modeling is needed to obtain
more quantitatively accurate predictions of the pres-
sure amplitudes.

Conclusion

This study has focused on the fuel spray mod-
eling and its impact on chamber acoustics in com-
bustion dynamics simulations. The fuel spray model
is comprehensively described by sub-models for the
atomizer internal flow, hollow cone injection and
secondary atomization. To validate the model and
to guide its further development, the fuel spray
modeling is exercised for non-reacting spray condi-
tions with and without co-flowing air. Correspond-
ing spray measurements have been performed using
PDA and high speed image camera.

The spray angle from the simulation results
agrees with that from the experiment to within 6%
error. According to the drop size distributions mea-
sured, it is found that Kelvin-Helmholtz model in
the LDI spray does not sufficiently describe the sec-
ondary atomization given the fine drop sizes that
are predicted by the primary atomization process.
The spray measurements with co-flowing air indicate
negative velocities in the center of chamber which
confirms the presence of the CTRZ structure.

Three fuel spray models are compared in the
combustion dynamics simulations to investigate the
effects on chamber acoustics driven by thermoacous-
tic instabilities. The models are characterized by the
injection methods as log normal distributed drop,
single drop and hollow cone injection. The fuel spray
described by the hollow cone injection is most ad-
vanced and realistic choice. Using the hollow cone
injected sprays, the 4L mode dominant acoustic fre-
quency is obtained which is in good agreement with
the experiment. On the other hand, the correspond-
ing pressure amplitudes are underestimated. Again,
this discrepancy may be attributed to insufficient
secondary atomization and the resultant low vapor-
ization rates. Future work will concern the addition
of the Rayleigh-Taylor breakup model to better de-
scribe these phenomena.
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Nomenclature
a parent drop radius
d drop diameter
m mass
r child drop radius
t time
ṁ mass flow rate
A Area
B KH breakup mode constant
N Number
P pressure
U drop speed
V velocity or gas velocity
FN Flow number
Oh Ohnesorge number
Ta Taylor number
We Weber number
λ wave length at maximum growth rate
ν viscosity
Ω the maximum growth rate
Φ Equivalence ratio
ρ density
σ surface tension
θ inclined angle of drops

Subscripts
f fuel
g gas
l liquid
s slot
r radial
θ tangential
0 previous time step
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